Abstract: Many future electricity scenarios, including those from the International Energy Agency, use natural gas to bridge the transition to renewables, in particular as a means of balancing intermittent generation from new renewables. Given that such strategies may be inconsistent with strategies to limit climate change to below 2 • C, we address the question of whether such use of gas is necessary or cost effective. We conduct a techno-economic case study of Switzerland, using a cost optimization model. We explore a range of electricity costs, comparing scenarios in which gas is used as a source of base-load power, a source of balancing capacity, and not used at all. Costs at the high end of the range show that a complete decarbonization increases system-wide costs by 3% compared to a gas bridging scenario, and 13-46% compared to a carbon-intensive scenario, depending on the relative shares of solar and wind. Costs at the low end of the range show that system-wide costs are equal or lower for both completely decarbonized and gas bridging scenarios. In conclusion, gas delivers little to no cost savings as a bridging fuel in a system that switches to wind and solar.
Introduction
Countries agreed at the 21st Conference of the Parties COP21 in Paris to hold climate change to less than 2 • C global average warming. This will require the elimination of greenhouse gas emissions this century and, accordingly, countries have set national targets to decarbonize their energy systems [1, 2] . Currently, several technology alternatives exist to produce electricity with reduced emissions; these include biomass, geothermal, tidal, solar, and wind power [1, 3, 4] . Developments of energy storage technologies, e.g., electrochemical, mechanical, and thermal contribute to the enrichment of the electricity mix of developed economies [5, 6] . There is, however, a great deal of evidence to suggest that the dominant set of technologies needed to achieve this decarbonization will be modern renewable energy sources, and in particular, wind and solar power, with electricity correspondingly becoming the dominant energy carrier in the economy, replacing liquid fuels [7] [8] [9] [10] . Investment costs for wind and solar power have declined, in particular, photovoltaic (PV), as a result of economies of scale, technological advances, learning-by-doing in the technology supply chains, and reductions in financing costs associated with these becoming reliable industries [4, 11] ; further declines are anticipated in the future [12] [13] [14] [15] [16] . For example, investment in offshore wind in Europe has grown 30% annually, and this has been associated with the cost of building an offshore wind farm falling 46% over the last five years, and 22% in 2016 alone [12] .
A major challenge exists with respect to wind and solar-namely, balancing their intermittent supply in order to ensure that electricity is available where and when it is needed [17] [18] [19] [20] [21] . Especially in the case of batteries, such storage remains expensive at a seasonal scale, although the costs have fallen significantly for diurnal variations [22] . For example, while the levelized cost of electricity (LCOE) for wind and PV in ideal locations has fallen below €0.05 per kWh, the levelized costs of battery storage currently exceed €0.20 per kWh, assuming daily charge and discharge cycles [23] . The costs of covering intermittency rises even further in the case where there are large seasonal differences in the renewable energy supply. Dealing with such seasonality would either require large excess generation capacity during some months of the year, or large energy volumes to be stored on an annual basis, with essentially one storage cycle each year, rather than every day [6] . While storage costs are declining, it will likely take at least a decade, and potentially several decades, before these have declined far enough to make it possible to cover seasonal fluctuations in supply at an affordable cost [21, [24] [25] [26] .
Future electricity scenarios, such as those from the International Energy Agency (IEA), make use of natural gas in order to bridge the transition gap. These scenarios cover the intermittency of wind and solar with gas peaking plants, as well as plants that provide some part of baseload capacity during particular seasons, until grid scale storage becomes sufficiently inexpensive so as to do this job. Such scenarios suggest the possibility of increasing the total generating capacity from natural gas, even as their annual utilization gradually declines [1] . In this way, the use of natural gas need not be inconsistent with reaching relatively ambitious decarbonization targets, such as 50%-80%. However, it is also clear that, ultimately, the use of natural gas would have to be discontinued in order to reach a 100% decarbonization target [27, 28] .
There are reasons to believe that discontinuing the use of gas in this way would lead to a great deal of stranded assets, of two sorts. The first type of stranded assets would be the generation plants themselves. Achieving the Paris objectives would require 100% emissions reductions in the electricity sector of industrialized countries as soon as 2050 [2, 29] , and it is foreseeable that many of the gas plants built as bridges could still have an operational life beyond then. The second type of stranded asset would be knowledge. Greatly expanding the capacity of the natural gas power supply would result in learning how to do this reliably and inexpensively, while suddenly stopping would leave this knowledge to then go unused. On the one hand, the cost of such stranded assets could be substantial, and is better to be avoided. Moreover, it may be that the prospect of stranded assets would make it attractive to continue to use gas, resulting in greater climate impacts [30] .
For both reasons, it is important to explore whether it is possible to make the transition to 100% renewables in a manner that does not require massive new investments in energy storage particularly seasonal storage, and also does not make use of new natural gas capacity. This is what we do here. This paper explores future ranges of LCOEs to analyze if a scenario with gas as a bridging fuel brings economic benefits, in the transition towards a system with high shares of renewables. We describe the specific case studied, Switzerland, in Section 2. In Section 3, we explain the different scenarios and the cost optimization method that was utilized. In Section 5, we discuss the results presented in Section 4, and provide the main conclusions.
Swiss Case Study
We examine the potential to move to a 100% renewable electricity supply, with no substantial new investments into storage, in the case of Switzerland. There are several reasons why the Swiss case can inform a wider transition to a fully renewable electricity system, which we spell out in this section.
First, Switzerland is a country where the daily and seasonal storage capacity is well defined, given its extensive hydropower infrastructure. That infrastructure currently supplies the country with roughly 60% of its electricity, and also includes a number of pumped storage plants [31] . At the same time, it is clear that there is little room in Switzerland to expand the hydro-power generation infrastructure, with little market incentive to expand the storage capacity [32] . While these facts mean that the situation in Switzerland is somewhat atypical of many European countries, they carry the benefit of the storage capacity being well defined. In our analysis, we assume a continuation of the current capacities for hydropower and water storage, with no new additions.
Second, Switzerland is a country that is especially vulnerable to the problem of seasonal renewable power fluctuations. Hydropower is highly seasonal, with summer production exceeding winter by 57% [33] , even when making maximum use of dam storage capacity. While wind power offers many European countries a renewable power supply that peaks in winter, for Switzerland this resource is extremely limited, given the country's mountainous topography [34, 35] . This leaves solar PV as the potentially dominant new renewable, but in Switzerland this is also highly seasonal, due both to latitudinal effects and the generally cloudy winters [14, 36, 37] . The combination of these factors means that Switzerland faces a major winter power deficit. It also faces short-term deficits in other seasons due to its small geographical size, meaning that PV output is highly spatially correlated across the entire country, with less balanced production patterns [17] .
Third, Switzerland's location in central Europe, and in bordering the Mediterranean region, makes it possible to consider two very different sources of imported renewable power. On the one hand, through Italy and an undersea cable, Switzerland could conceivably have access to concentrating solar power (CSP) from northern Africa [38] [39] [40] . Morocco has, besides appropriate climatological characteristics (mean Normalized Direct Irradiance larger than 2000 kWh/m 2 /year), a specific political scheme to foster CSP development [41, 42] . Nevertheless, some implementation barriers need to be overcome, such as the lack of technical capacity among the civil service in solar projects [43] . Additionally, although private European investment is already in place, political support to CSP developments from European countries remains undefined. A potential benefit of CSP is that the integration of several hours' thermal storage capacity, as has become the industry standard, means that CSP can be used to cover evening power demands, typically a peak load period after most of all of the PV capacity has gone offline [44, 45] . Making CSP somewhat less attractive is that it is also seasonal, with a summer peak, although this is less pronounced than for domestic PV supply. On the other hand, through Germany, Switzerland has access to offshore wind coming from the North Sea [46, 47] . After a time of some uncertainty due to public opposition [48] , a project of 3 high voltage direct current transmission lines (HVDC) started in 2015, aiming to transmit high loads of electricity from the North Sea wind farms to the south of Germany [49] . This is attractive because of the relatively high capacity factor of wind, which is also highest in winter. Both CSP and offshore wind offer large capacity expansion potentials. We analyze whether either or both of these options would be needed in order to reach a target of 100% renewable power without additional storage capacity.
Fourth and finally, Switzerland has a well-defined set of national energy targets, which can form the backbone of the scenarios that we develop here. Currently, a fleet of nuclear power plants supplies most of the remaining electricity, beyond that coming from hydro. The country intends to retire this fleet, replacing it with domestic renewables, primarily PV. It has spelled out the strategy for doing so in its Energy Strategy 2050 [50] , and has adopted this strategy as a matter of law [32] . That strategy sets mid-term targets for 2035 towards decarbonization in 2050 consistent with the approach taken by the IEA. The strategy also makes use of gas as a bridging fuel for 2035. We can analyze these well-defined scenarios. At the same time, the analysis that gave rise to the Swiss energy strategy was relatively non-transparent, having been embedded in a technical report by a German consulting firm, Prognos [51] . While the report claims that they made use of high resolution data to model renewable intermittency, this is not well documented, and several authors have already demonstrated that the planned capacity expansions will require additional capacity to meet demand [14, 52] . Importantly, neither the current Swiss government scenarios nor the other studies showing these to be unrealistic are considering the possibility of making use of large imports, from either the North Sea or North Africa. If we find that either is a feasible option, eliminating the need for gas, then our findings could be of value for political debates.
Method
To explore the use of gas as either a permanent addition to energy or as a bridging fuel, we examine three alternative scenarios. Our scenario (A) is carbon intensive, in which gas moves from being an extremely minor player in the Swiss energy system to being a mainstream energy carrier. Our scenario (B) foresees limited investment in gas, in order to balance the intermittency of new renewables, which themselves are scaled up, in order to replace most of the power lost from the closing of the nuclear fleet. This scenario matches Switzerland's energy strategy for 2050 [50] . We compare both of these to our scenario (C), in which no gas enters the Swiss power system and the country relies on 100% renewable sources instead.
In both scenarios (B) and (C) we focus on domestic development of photovoltaic (PV) and onshore wind, consistent with the country's energy strategy for 2050. We also supplement these resources with potential imports, either of wind power from the North Sea, or CSP from Morocco, or both. Figure 1 describes our assumption for these power plants, specifying the geographic locations and technologies involved. Both offshore wind and CSP are relatively unemployed technologies, for which issues of public acceptance could be fewer than is the case with large-scale onshore wind or PV installations in the European Union (EU) [53] . Offshore wind has the potential to grow rapidly in the EU. It accounted for 8% of new wind installed capacity in 2016 [54] , driven by European and national policy targets towards carbonization [55, 56] . A similar potential for growth exists in the case of CSP in North Africa. Many studies suggest the feasibility of MENA to provide up to 20% of Europe's electricity by 2050 [9, 13, [57] [58] [59] [60] [61] . Compared to PV, CSP offers the possibility of relatively low cost on-site thermal storage. Several hours storage has become the industry standard, allowing CSP to cover peak load periods in the evening. Our scenario (B) foresees limited investment in gas, in order to balance the intermittency of new renewables, which themselves are scaled up, in order to replace most of the power lost from the closing of the nuclear fleet. This scenario matches Switzerland's energy strategy for 2050 [50] . We compare both of these to our scenario (C), in which no gas enters the Swiss power system and the country relies on 100% renewable sources instead. In both scenarios (B) and (C) we focus on domestic development of photovoltaic (PV) and onshore wind, consistent with the country's energy strategy for 2050. We also supplement these resources with potential imports, either of wind power from the North Sea, or CSP from Morocco, or both. Figure 1 describes our assumption for these power plants, specifying the geographic locations and technologies involved. Both offshore wind and CSP are relatively unemployed technologies, for which issues of public acceptance could be fewer than is the case with large-scale onshore wind or PV installations in the European Union (EU) [53] . Offshore wind has the potential to grow rapidly in the EU. It accounted for 8% of new wind installed capacity in 2016 [54] , driven by European and national policy targets towards carbonization [55, 56] . A similar potential for growth exists in the case of CSP in North Africa. Many studies suggest the feasibility of MENA to provide up to 20% of Europe's electricity by 2050 [9, 13, [57] [58] [59] [60] [61] . Compared to PV, CSP offers the possibility of relatively low cost on-site thermal storage. Several hours storage has become the industry standard, allowing CSP to cover peak load periods in the evening. We employ a cost optimization modeling framework to cover the anticipated Swiss power demand in the years 2035 and 2050, constraining the model to match power output to demand every hour of the day. Annual electricity demand has been extracted from a previous study, used by the Swiss Federal Office of Energy to elaborate the Swiss Energy Strategy 2050, where future electricity demand is adjusted to policy measures [51] . The demand curve has been patterned after the 2014 We employ a cost optimization modeling framework to cover the anticipated Swiss power demand in the years 2035 and 2050, constraining the model to match power output to demand every hour of the day. Annual electricity demand has been extracted from a previous study, used by the Swiss Federal Office of Energy to elaborate the Swiss Energy Strategy 2050, where future electricity demand is adjusted to policy measures [51] . The demand curve has been patterned after the 2014 hourly load curve, obtained from the Swiss transmission system operator, Swissgrid [62] . We use the Calliope modeling framework, which offers the needed resolution with respect to both time and space [63] . Unlike other lower resolution modeling frameworks, which constrain intermittent renewables penetration to a pre-assumed maximum, the Calliope framework allows us to investigate the requirements for over-capacity to compensate for periods during which only a small share of the intermittent renewable capacity is productive.
Critical to the Calliope model is the conversion of meteorological data into hourly power outputs from wind and solar facilities. Our data on solar radiation and wind speed cover a period of four years (2011-2014), using data provided by MeteoSwiss [64] for Swiss sites and the EU Joint Research Centre [65] for North Sea and Moroccan generation sites, with supplemental data also from the Research Data Archive [66] . These data have been validated through the use of power conversion data from solar and wind facilities throughout Europe [67] . To convert meteorological parameters into power output, we used the System Advisor Model (SAM) developed at the U.S. National Renewable Energy Laboratory [68] . Regarding hydropower, we disaggregated the data for run-of-river production from monthly values in historical databases to hourly values evenly distributed along the month, since more accurate resolutions are not publicly available [69] . Imports and exports are patterned on the 2014 load curve of the transmission system operator, Swissgrid [62] , as a proxy for the grid balancing services that Switzerland provides to the EU grid today [62] . The connections between Switzerland and the exporting countries are assumed to be high voltage direct current transmission lines (HVDC), considering the equivalent losses of 2% per one thousand kilometers [70] .
Calliope allows us to calculate LCOE for specific technologies, as well as system LCOE, weighted by volume of electricity generated. We use several technology cost components to calculate the LCOEs for our power plants in different scenarios: capital investment costs (EUR/kW), fixed operation and maintenance costs (EUR/kW/year), variable operation and maintenance costs (EUR/kWh), and variable costs, for example, fuel prices (EUR/kWh). Components of the technology cost for the technologies investigated come from sources described in Schröder, Kunz, Meiss, Mendelevitch, and Hirschhausen [15] , IRENA [11] and Mehos, et al. [71] . There is uncertainty across those sources concerning future technology cost developments for both wind and CSP, and so we consider the sensitivity of our system LCOE estimates to uncertainty in wind and solar costs, specifying the sources from which varying LCOE estimates derive. The lowest CSP prices coincide with targets established, and so-far achieved, by the Sunshot initiative, with which in 2012 the U.S. Department of Energy studied the implications of making solar electricity cost-competitive with conventionally generated electricity by 2020. There is less uncertainty concerning future technology cost developments to be found in published data for gas. However, gas prices depend strongly on many factors not easy to predict, such as material opportunities, market dynamism, strategic actor behavior, focusing events, and discursive expectations about the future. Therefore, we use PSI [72] as a reference for fuel and technology costs and conduct sensitivity analysis with Combined Cycle Gas Turbines (CCGT) across this range. We apply an inflation and exchange rate to all components of technology costs, according to the reference date of publication and the projected date they are based on [73] . The resulted LCOEs include transmission costs to the extent that the model accounts for line losses, which is consistent with approaches taken in previous studies of regional energy systems [45, 74, 75] . Finally, we consider the possible constraints that geographic factors could impose on the scaling up of domestic renewable power in Switzerland, and imported offshore wind and CSP. With respect to domestic potentials, we base our estimated capacity constraints on figures within the country's energy strategy. With respect to offshore wind, we rely on offshore wind potential estimates made by the EEA [76] , which include restrictions such as shipping routes, military use, oil and gas exploration, and tourist zones. Although these restrictions are accounted for, the amount of electricity from wind would, however, be sufficient to fulfill about 78% of the projected electricity demand in Europe in 2030 (5100 TWh/year). Regarding CSP, we use estimates made by Richts [42] , Greenpeace, SolarPACES and ESTELA [61] , Trieb, Schillings, Pregger, and O'Sullivan [75] . Figure 2 illustrates the relative roles of particular technologies, according to different scenarios. All three graphs show the week in the year when gas consumption in a carbon intensive scenario would be highest, occurring in the month of January. In Figure 2a it is clear that gas is the primary source of baseload power, augmented by run-of-river hydro. Figure 2b represents the use of gas as a bridging fuel, as captured by the Swiss Energy Strategy 2050, balancing the difference between wind load and consumer demand. Figure 2c illustrates a completely decarbonized scenario. In this case, there is overcapacity of wind. On the one hand, this allows for the system to achieve complete reliability without the use of gas. On the other hand, however, in such a scenario there would be many hours of the year (977 h) when wind power is curtailed: potentially generated, but simply not used anywhere in the system. This curtailment takes place entirely in the hydropower season; run of river plants mostly produce from late March to late November, showing that wind power is used as a backup to seasonally fluctuating hydropower. This curtailment, which in average over the entire year is 11%, leads to higher costs. There is no curtailment in the scenarios utilizing gas as a bridging fuel. However, curtailment reaches about 40% of the year in in the gas intensive scenario (about 3400 h), mostly concentrated in the summer months, where Swiss hydropower is producing at its maximum availability factor. Figure 2 illustrates the relative roles of particular technologies, according to different scenarios. All three graphs show the week in the year when gas consumption in a carbon intensive scenario would be highest, occurring in the month of January. In Figure 2a it is clear that gas is the primary source of baseload power, augmented by run-of-river hydro. Figure 2b represents the use of gas as a bridging fuel, as captured by the Swiss Energy Strategy 2050, balancing the difference between wind load and consumer demand. Figure 2c illustrates a completely decarbonized scenario. In this case, there is overcapacity of wind. On the one hand, this allows for the system to achieve complete reliability without the use of gas. On the other hand, however, in such a scenario there would be many hours of the year (977 h) when wind power is curtailed: potentially generated, but simply not used anywhere in the system. This curtailment takes place entirely in the hydropower season; run of river plants mostly produce from late March to late November, showing that wind power is used as a backup to seasonally fluctuating hydropower. This curtailment, which in average over the entire year is 11%, leads to higher costs. There is no curtailment in the scenarios utilizing gas as a bridging fuel. However, curtailment reaches about 40% of the year in in the gas intensive scenario (about 3400 h), mostly concentrated in the summer months, where Swiss hydropower is producing at its maximum availability factor. Not shown in Figure 2 are scenarios utilizing CSP from Morocco instead of offshore wind power. Qualitatively, the results are the same as in the North Sea scenario: in a CSP scenario, gas can be reduced to a source of load-balancing power and eliminated entirely with an over-capacity in which there is substantial curtailment. Curtailment would occur primarily in summer months, to accommodate increased hydro production, although in those summer months there is a greater opportunity to store excess power in pumped storage facilities. Curtailment is more pronounced in the case of CSP import scenarios compared to those with offshore wind, because offshore wind capacity factors are highest in winter months, whereas those for CSP are highest in late spring and summer. Our model results project curtailment of 30% of CSP generation in the Moroccan import scenario, compared to 11% of wind generation in the North Sea import scenario.
Results

Building on these results, Figure 3 shows projected least-cost system parameters for the different scenarios, with Figure 3a focusing on installed capacities, and Figure 3b on electricity production. In scenario A, which is carbon intensive, gas essentially compensates for the loss of nuclear power; the fact that the gas capacity would have to be slightly higher in 2035 than for today's nuclear fleet (seen in Figure 3a ) reflects a slightly lower projected capacity factor for gas than for Not shown in Figure 2 are scenarios utilizing CSP from Morocco instead of offshore wind power. Qualitatively, the results are the same as in the North Sea scenario: in a CSP scenario gas can be reduced to a source of load-balancing power and eliminated entirely with an over-capacity in which there is substantial curtailment. Curtailment would occur primarily in summer months, to accommodate increased hydro production, although in those summer months there is a greater opportunity to store excess power in pumped storage facilities. Curtailment is more pronounced in the case of CSP import scenarios compared to those with offshore wind, because offshore wind capacity factors are highest in winter months, whereas those for CSP are highest in late spring and summer. Our model results project curtailment of 30% of CSP generation in the Moroccan import scenario, compared to 11% of wind generation in the North Sea import scenario.
Building on these results, Figure 3 shows projected least-cost system parameters for the different scenarios, with Figure 3a focusing on installed capacities, and Figure 3b on electricity production. In scenario A, which is carbon intensive, gas essentially compensates for the loss of nuclear power; the fact that the gas capacity would have to be slightly higher in 2035 than for today's nuclear fleet (seen in Figure 3a ) reflects a slightly lower projected capacity factor for gas than for nuclear. It also becomes clear that the substantially lower capacity factors for CSP than for offshore wind would require a correspondingly greater capacity investment, in order to achieve roughly the same energy output. The wind and CSP scenarios also differ in terms of investment into domestic PV. Projected costs for PV lie in between those of wind and CSP. The result of this is that in a least-cost scenario involving offshore wind, there would be no investment into PV. In the case of a CSP scenario, by contrast, domestic PV would be built up to the fullest extent possible. Finally, it is evident in Figure 3b that total energy production rises slightly from carbon intensive to wind, and then to CSP scenarios. This reflects a greater utilization of pumped storage-which has a net demand on energy-in the scenarios that are not carbon intensive. Within the wind and CSP scenarios, the slight rise from the gas bridging to carbon free scenarios reflects the effect of energy curtailment. It is clear from Figure 3 that the utilization of generation capacity would be greater in the wind import scenarios than in those with CSP, and as we show in subsequent figures, this corresponds as well to a likelihood of lower costs in the wind than in the CSP scenarios. We do not address the issue in this paper, but there is also reason to believe that the political constraints associated with importing power from Morocco would be greater than from Northern Europe. All of these factors beg the question of why Swiss policy makers might want to consider CSP from Morocco at all. Figure 4 provides a rationale, and that is the constraint on the total economic potential of offshore wind power in the North Sea. Current and planned wind capacities would provide an annual production of 380 TWh, whereas the estimate of the economic potential is close to ten times more, 3400 TWh. Compared to this, our model results project imports of North Sea wind to Switzerland of up to 30 TWh annually, in the case of the carbon free wind scenario. Clearly 30 TWh is substantially less than either 380 or 3400 TWh. However, were the whole of Europe to utilize North Sea wind at a level comparable to that of Switzerland, the differences between potential supply and demand would be much smaller, and give cause for concern. Scaled up to the entire European population, the Swiss carbon free wind import scenario would correspond to 2800 TWh annually, roughly 92% of the total potential. In such a situation, it is unclear whether the countries controlling the North Sea wind resource would be enthusiastic about selling their resource, and might demand substantial resource rents. Modeling how large such rents could be is highly speculative, and we do not do so here. Their possibility, however, provides a rationale to explore the costs of Moroccan import scenarios, either as a substitute or complement to North Sea wind estimates. Previous work has demonstrated that the economic potential of CSP in North Africa exceeds total power demand in Europe by at least an order of magnitude. Our final two figures address the issue of costs, including the issue of uncertainty. Figure 5 shows the projected levelized costs of electricity (LCOE) for the entire system, contrasting the carbon intensive with the carbon free scenarios. For all scenarios, we have constructed a Base Case with respect to costs, which represents the median of all calculated LCOEs for the different technologies. In the case of gas, there is very low diversity in LCOE estimates because of the smaller uncertainty in the cost of future gas turbines, so we present only the Base Case value. In the case of wind and even more in CSP, there is a much greater range of credible cost projections. We compare the Base Case with the credible LCOE that lies below the median for each technology. This low-end estimate is based not only on advocacy organizations such as Greenpeace, but also on governmental research labs (e.g. NREL) and intergovernmental agencies (IRENA, IEA, and the EC). In most cases, the technology-specific fraction of the system LCOE is lower than the system LCOE, meaning that dispatchable technologies raise the costs of the system. In the case of IRENA technology costs projections, the CSP fraction of LCOE is more expensive than the system LCOE, leading to an increase in the system costs. Estimating the relative likelihood or confidence in these different projections lies outside of the scope of our analysis. It is clear, however, that if the lower cost estimates prove to be accurate, then the carbon free scenarios can be had at costs equal to or lower than those for the Base Case carbon intensive estimates. Our final two figures address the issue of costs, including the issue of uncertainty. Figure 5 shows the projected levelized costs of electricity (LCOE) for the entire system, contrasting the carbon intensive with the carbon free scenarios. For all scenarios, we have constructed a Base Case with respect to costs, which represents the median of all calculated LCOEs for the different technologies. In the case of gas, there is very low diversity in LCOE estimates because of the smaller uncertainty in the cost of future gas turbines, so we present only the Base Case value. In the case of wind and even more in CSP, there is a much greater range of credible cost projections. We compare the Base Case with the credible LCOE that lies below the median for each technology. This low-end estimate is based not only on advocacy organizations such as Greenpeace, but also on governmental research labs (e.g., NREL) and intergovernmental agencies (IRENA, IEA, and the EC). In most cases, the technology-specific fraction of the system LCOE is lower than the system LCOE, meaning that dispatchable technologies raise the costs of the system. In the case of IRENA technology costs projections, the CSP fraction of LCOE is more expensive than the system LCOE, leading to an increase in the system costs. Estimating the relative likelihood or confidence in these different projections lies outside of the scope of our analysis. It is clear, however, that if the lower cost estimates prove to be accurate, then the carbon free scenarios can be had at costs equal to or lower than those for the Base Case carbon intensive estimates. Figure 5 . Lowest system levelized cost of electricity (LCOE) for the Swiss electricity system (2035) for the carbon free configuration (C) in comparison to the Base Cases. LCOEs are calculated using technology costs projections of offshore wind and CSP from the authors named in the bars. The fraction of the system LCOE that the technology-specific LCOE represents is depicted in color. Data sources, from top to bottom, are references [72] , [77] , [78] , [79] , [56] , [80] , [71] and [11] . Figure 6 provides the full set of cost information for the different scenarios. In the case of the carbon intensive scenario, which relies exclusively on domestic power generation involving a large proportion of gas, the range of projected LCOE values lies between €89-90 per MWh. As previously noted, the narrowness of this range reflects the limited number of credible estimates for future gas costs, combined with the fact that the balance of the system is already largely in place, and therefore highly certain. The two scenarios involving North Sea wind imports, either to reduce the use of gas to that of a bridging fuel or eliminate it entirely, range from a low of €91 per MWh to highs of €106-108 per MWh. We make three observations: first, the lower ends of both wind ranges are comparable to those for the carbon intensive scenario; second, the upper end of the right-hand range is 20% higher in terms of energy costs, which compares favorably to the much higher volatility observed in energy prices in recent years; and third, the move from the gas bridging scenario implicit in the Swiss Energy Strategy 2050 to a carbon free scenario, in the case of wind imports, carries virtually no cost implications. While the carbon free scenario would entail curtailment of wind power, this has a negligible effect on overall power costs.
Moving further to the right in Figure 6 , it is clear that the uncertainty associated with CSP imports is much greater, with the range of credible cost projections lying both somewhat below those for carbon intensive and wind, and also extending substantially higher. Moreover, the added costs of achieving a carbon free outcome compared to a gas bridging case are greater in the case of CSP imports than for wind, although if in fact the lower technology cost projections for CSP turn out to be accurate, there would be no added cost. Finally, the two bars to the right present results for least-cost scenarios, making use of both wind and CSP. The precise ratios of wind to CSP in these scenarios differ according to their location within the uncertainty bars. In the carbon free scenario, 70% of the imported energy comes from wind, and 30% from CSP. It is noteworthy that in these scenarios the range of uncertainty is lower than for either the wind-only or CSP-only scenarios, as the model is able to take advantage of the flexibility to adjust capacities between the two locations to account for differences in costs. (2035) for the carbon free configuration (C) in comparison to the Base Cases. LCOEs are calculated using technology costs projections of offshore wind and CSP from the authors named in the bars. The fraction of the system LCOE that the technology-specific LCOE represents is depicted in color. Data sources, from top to bottom, are references [72] , [77] , [78] , [79] , [56] , [80] , [71] and [11] . Figure 6 provides the full set of cost information for the different scenarios. In the case of the carbon intensive scenario, which relies exclusively on domestic power generation involving a large proportion of gas, the range of projected LCOE values lies between €89-90 per MWh. As previously noted, the narrowness of this range reflects the limited number of credible estimates for future gas costs, combined with the fact that the balance of the system is already largely in place, and therefore highly certain. The two scenarios involving North Sea wind imports, either to reduce the use of gas to that of a bridging fuel or eliminate it entirely, range from a low of €91 per MWh to highs of €106-108 per MWh. We make three observations: first, the lower ends of both wind ranges are comparable to those for the carbon intensive scenario; second, the upper end of the right-hand range is 20% higher in terms of energy costs, which compares favorably to the much higher volatility observed in energy prices in recent years; and third, the move from the gas bridging scenario implicit in the Swiss Energy Strategy 2050 to a carbon free scenario, in the case of wind imports, carries virtually no cost implications. While the carbon free scenario would entail curtailment of wind power, this has a negligible effect on overall power costs.
Moving further to the right in Figure 6 , it is clear that the uncertainty associated with CSP imports is much greater, with the range of credible cost projections lying both somewhat below those for carbon intensive and wind, and also extending substantially higher. Moreover, the added costs of achieving a carbon free outcome compared to a gas bridging case are greater in the case of CSP imports than for wind, although if in fact the lower technology cost projections for CSP turn out to be accurate, there would be no added cost. Finally, the two bars to the right present results for least-cost scenarios, making use of both wind and CSP. The precise ratios of wind to CSP in these scenarios differ according to their location within the uncertainty bars. In the carbon free scenario, 70% of the imported energy comes from wind, and 30% from CSP. It is noteworthy that in these scenarios the range of uncertainty is lower than for either the wind-only or CSP-only scenarios, as the model is able to take advantage of the flexibility to adjust capacities between the two locations to account for differences in costs. 
Discussion and Conclusions
We modeled the total costs of three policy scenarios for the Swiss power system: carbon intensive, gas as a bridging fuel to balance the intermittency of high shares of solar and wind power, and completely carbon free. Our results are somewhat sensitive to alternative assumptions about the future costs of solar and wind power. Assuming costs are at the high end of the range for either technology, complete decarbonization increases system-wide LCOE values by 3% compared to the bridging scenario, and 13-46% compared to a carbon intensive scenario, depending on the relative shares of solar and wind. Assuming solar and wind costs at the low end of their respective ranges, system-wide LCOE values are identical across completely decarbonized and gas bridging scenarios. Moreover, the additional cost of either relative to the carbon intensive scenario is less than 2% in the case of a wind dominated system, whereas in a system relying on CSP with thermal storage the completely decarbonized system delivers almost close to a 10% cost reduction. Previous studies have quantified cost reductions for single renewable technologies [13, 16, 71, 81] , and we have shown this to also be the case for a national electricity system with multiple technologies.
An important caveat to this finding is that our range of cost estimates for natural gas are extremely narrow, representing the difficulty of forecasting these markets in a quantitatively robust manner, as well as the fact that significant price changes for gas could alter our relative cost estimates. Subject to this caveat, however, it is clear that utilizing gas as a bridging fuel, to balance intermittency in a system dominated by wind and solar, delivers little to no benefit in terms of cost savings. Our results present an alternative to previous electricity scenarios, such as those from the IEA [1] , that made use of natural gas to bridge the energy transition. Whether or not using gas as a source of baseload power delivers cost savings relative to a system in which renewables take on this function, is sensitive to current uncertainties about future technology costs. As other studies have shown, for example, for CSP in Sub-Saharan Africa [41] , it is important to note that today's policy choices can determine whether the conditions under which a renewables' dominated system is less expensive than a carbon intensive system come to exist. Policy support today for CSP with thermal storage is the precondition for this outcome [71] . It is also important to note that none of our estimates include measures that internalize the social cost of carbon, such as through an emissions tax. Figure 6 . Ranges of weighted LCOE for the scenarios in the short term (2035). The costs have been calculated using technology cost projections of various authors for renewable technologies (shown in Figure 5 ), and may be open to some degree of debate. The costs in importing scenarios (North Sea and Morocco) are calculated for two levels of carbon consumption: (B) gas as a bridging fuel, as per the Swiss Energy Strategy 2050, and (C) carbon free. The Domestic scenario is gas intensive and does not include imports. LCOE does not include externalities.
An important caveat to this finding is that our range of cost estimates for natural gas are extremely narrow, representing the difficulty of forecasting these markets in a quantitatively robust manner, as well as the fact that significant price changes for gas could alter our relative cost estimates. Subject to this caveat, however, it is clear that utilizing gas as a bridging fuel, to balance intermittency in a system dominated by wind and solar, delivers little to no benefit in terms of cost savings. Our results present an alternative to previous electricity scenarios, such as those from the IEA [1] , that made use of natural gas to bridge the energy transition. Whether or not using gas as a source of baseload power delivers cost savings relative to a system in which renewables take on this function, is sensitive to current uncertainties about future technology costs. As other studies have shown, for example, for CSP in Sub-Saharan Africa [41] , it is important to note that today's policy choices can determine whether the conditions under which a renewables' dominated system is less expensive than a carbon intensive system come to exist. Policy support today for CSP with thermal storage is the precondition for this outcome [71] . It is also important to note that none of our estimates include measures that internalize the social cost of carbon, such as through an emissions tax.
The results in this study apply to the specific case of Switzerland. Switzerland is similar to many other mountainous European countries-in Scandinavia, the Alpine regions, and the Balkans-in terms of having a large hydropower capacity or potential relative to its solar and wind resources. Such countries have the benefit of compensating the fluctuations of intermittent renewables with their hydro resource, either through the use of storage dams or pumped storage facilities [82] [83] [84] . For example, in the CSP scenario, curtailment can be reduced by using the overcapacity to pump water to storage for production on demand. This has a direct effect on the need for thermal storage capacity in the Swiss scenarios, which is relatively low: 2 to 4 h. This would ultimately translate in a reduction of generation costs, depending on the costs of both CSP and pumped storage. Other authors have shown little cost increase, with high penetration of renewables for different electricity systems, for example in the UK [63] . In the case of Switzerland, the flexibility provided by gas is not necessary to compensate supply fluctuations. Other electricity systems would probably benefit from CSP with a higher thermal storage capacity [41, 63] .
It is also possible to imagine, but difficult to predict, that the costs of other storage technologies, such as batteries or compressed air, could fall to be comparable with that of hydro [26] . In such a situation, our results would apply more generally. In the absence of such conditions, countries like Switzerland would continue to provide services to balance the wider European transmission grid, as they do today and as we have modeled [82] [83] [84] . Indirectly, then, our results suggest that Switzerland could continue to provide these services, at no additional cost, while also making the transition to 100% renewable power for its own domestic market.
Our results are qualitatively consistent with the results from modeling studies at a much greater geographic scale and lower temporal resolution (e.g., [23, 85] ). These reports of international institutions show incremental costs of single technologies to be at the same level as fossil fuel systems. We show this to be the case for the electricity costs of a single country, focusing on a single power system and corresponding to the hourly weather data of specific locations. Our results are also consistent with authors who have concluded that balancing patterns of anti-correlated wind and solar power increases the stability of power production [17] . Our scenarios show that investing in renewable capital costs reductions, for offshore wind and/or CSP, would provide a reliable and competitive source of electricity, alternative to carbon intensive systems.
